ABSTRACT: Marine reserves can directly replenish heavily fished species. However, communitywide effects of reserves are less clear. Marine reserves directly reduce fishing mortality rates, but through the restoration of apex predators, reserves may have strong indirect effects on non-target species. We explored the effects of a large, fully protected marine reserve in the Bahamas on the community of coral-reef fishes. We examined the effect of the reserve on fish biomass by comparing the density and size of all fishes on similar reefs located inside and outside the reserve. Total biomass of fishes was approximately 7× higher in reserve sites, where biomass was strongly concentrated in species of higher trophic levels. Analysis based on the relative magnitude of individual species' responses indicated that, on average, the largest species increased in biomass within the reserve, intermediate-sized species decreased, and the smallest species exhibited variable responses. Species' responses to the reserve were also examined by pooling species into 9 trophic categories using consumptive relationships, which provided corroborating results. Large piscivores (e.g. sharks, large groupers) were on average larger and more abundant inside the reserve. Mid-trophic-level groups (e.g. small piscivores) had higher average biomass outside of the reserve, where the number of species and biomass of large predators was lower. Finally, some low-trophic-level groups (e.g. planktivores) had higher biomass within the reserve, while others (e.g. small herbivores) did not respond strongly. Overall, these results suggest that marine reserves can substantially alter the composition and structure of reef fish communities.
INTRODUCTION
Marine reserves can provide spatial refuges from fishing for commercially important species, resulting in higher abundances and larger individuals inside the reserve compared to outside (Sluka et al. 1997 , Friedlander & DeMartini 2002 , Halpern 2003 . Such protection potentially has significant impacts on the structure of local fish assemblages, because the replenishment of large, top-trophic-level fishery species can affect the relative abundances of other species of fish through species interactions such as competition or predation (McClanahan & Nyawira 1988) . Large marine reserves that have been protected for a sufficiently long time may serve as reference sites to compare to unprotected areas, thereby allowing evaluation of the effects of human activities on living marine resources (Pauly 1995 , Sheppard 1995 , Dayton et al. 2000 .
A large number of comparative studies inside vs. outside of marine reserves have been conducted (reviewed by Côté et al. 2001 , Halpern 2003 , but most focus on single species or small groups of commercially important species (e.g. Polunin & Roberts 1993 , Wantiez et al. 1997 , Chapman & Kramer 1999 , Mumby et al. 2006 . A major challenge for community-wide studies is extracting meaningful patterns in species' responses amid high background levels of variation inherent to diverse assemblages of species. Assessed on an individ-ual level, species that are not specifically targeted by fishing tend to exhibit a large degree of variation in their responses to protection by marine reserves (Jennings & Polunin 1997 , Côté et al. 2001 , Guidetti & Sala 2007 . Furthermore, habitat characteristics can be a major determinant of species composition within marine communities (Luckhurst & Luckhurst 1978 , Öh-man & Rajasuriya 1998 . Differences in habitat characteristics among sites may therefore obfuscate species' responses to reserve protection, making it difficult to detect overall trends within the fish assemblage.
Fishing effort is usually concentrated on large, carnivorous species of the highest trophic levels (Jennings & Polunin 1997 , Steneck 1998 , though effort may be redirected down the food web as upper trophic level species decline in abundance (Pauly et al. 1998) . Although many coral reef fisheries tend to exploit a wide range of species (McClanahan & Mangi 2004 , CRFM 2005 , both fisheries-dependent (Russ & Alcala 1996) and -independent (Stallings 2009a ) studies have shown disproportionate impacts on large-bodied species of higher trophic levels. Depletion of large, toptrophic-level species may be the result of selective fishing over long time scales (Jackson et al. 2001) and/or the tendency for such species to have a low capacity for population growth and resilience to fishing because of life history constraints (e.g. long generation times). In the Caribbean, heavily affected species include sharks (mostly of the family Charcharhinidae), jacks (Carangidae), and grouper (Serranidae), including the Nassau grouper Epinephelus striatus (Parrish 1987) . As large piscivorous fish are removed, their prey populations can increase in abundance and size due to release from predation (Frank et al. 2005 ) and/or competition (Stallings 2008) . Fishing intensity often does not decline with decreasing yields (Gordon 1991), which only exacerbates this effect.
Selective fishing may reveal patterns of community structure such as trophic cascades (Pace et al. 1999 , Coleman & Williams 2002 . Trophic cascades are characterized by 3 or more trophic levels marked by strong top-down controls, such that an increase in biomass at the upper level causes a decline in the next lower level, which in turn allows an increase in the levels below that and so forth, alternating down the food web (Paine 1980) . Therefore, trophic cascades and other top-down processes that alter community structure (e.g. competition) may be revealed by the removal of top-level predatory species and subsequent shifts in patterns of biomass through descending levels of the food web (Power 1990 , Strauss 1991 . A release from predation may thus lead to changes in the intensity of competition and predation at lower trophic levels, potentially restructuring communities and interactions therein (Carpenter et al. 1985 , Carpenter & Kitchell 1988 .
Trophic cascades have been observed in a variety of marine communities (Steneck 1998 , Daskalov 2002 , Graham et al. 2003 , Frank et al. 2005 , Mumby et al. 2006 , though the most distinct examples come from relatively simple systems with few trophic levels and low species diversity (Strong 1992 , Pinnegar et al. 2000 . Indeed, the buffering effects of varied and differentiated consumptive relationships, including omnivory and ontogenetic trophic level shifts, as well as multiple prey refuges, may prevent strong trophic cascades in more speciose systems (Strong 1992) . However, Pace et al. (1999) and Frank et al. (2005) highlighted distinct signatures of trophic cascades in moderately complex coastal food webs, suggesting that similar processes may operate in diverse communities such as assemblages of coral reef fishes.
In the present study we examined entire reef fish communities inside and outside of a large, fully protected marine reserve in the Bahamas, testing by comparative observation for evidence of changes in biomass distributions in response to protection. We focused on whether the distribution of biomass within trophic categories varied inside vs. outside of the reserve. We also examined how the effect of the reserve varied by individual species, and, in both cases, whether a signature of a trophic cascade or similar alterations of the reef fish community structure could be discerned.
HYPOTHESES AND PREDICTIONS
In diverse communities, the exact nature of predatorprey relationships and trophic levels is not always clear. However, for marine fishes, consumption of food types is limited by gape and body size (Wainwright & Richard 1995 , Scharf et al. 2000 . Body size correlates well with trophic relationships when viewed on the community level (Jennings et al. 2001) , although this trend may deteriorate among smaller species due to the diverse size and morphology seen in the larger species base at this level (Layman et al. 2005) . Additionally, body size may be a large determinant of trophic level and ecological role because the outcome of nonlethal interactions (e.g. interspecific competition) may be based on a body size hierarchy (Werner & Gilliam 1984 , Stallings 2008 . Combined with a more traditional approach using trophic categories based on trophic scores (i.e. average number of steps up a linear food chain for items found in a species' diet), body size may serve as a good proxy for trophic level and ecological role.
The relationship between species' responses to reserve protection and body size may reveal effects of fishing selectivity as well as effects of trophic interactions among species, including trophic cascades. We hypothesized 4 general types of responses that could be observed. First, species' responses may be independent of body size ( Fig. 1) and species may be, on average, more (or less) abundant within the reserve. This pattern would suggest uniform effects of fishing on all species rather than concentrated reduction of biomass in higher trophic levels. It would also signify no indirect effect of the reserve on biomass distributions by trophic level. Second, average effects may be positive for species of all sizes, but larger species may be afforded greater protection within the reserve (Fig. 1) . Again, this pattern would indicate no indirect effect of the reserve on biomass distributions by trophic level. Third, large species may be more abundant and small species less abundant within the reserve (Fig. 1 ). This pattern would likely indicate a 2-trophic-level interaction, whereby increased abundance of large fish within the reserve drives down the abundance of smaller fish via predation and/or competition. Finally, the relationship between species' size and effect of the reserve could alternate between positive and negative values, indicating a trophic cascade of 3 or more levels (Fig. 1) . In Fig. 1 , the largest species (and thus those of the highest trophic levels) would be positively affected by the marine reserve. The trendline may then change between positive and negative values of reserve effect depending on species' size, with the number of trophic levels indicated by the number of times that the curve crosses zero (e.g. a 3-level trophic cascade would cross the zero line twice to delineate a positive-negative-positive relationship between reserve effect and species' size; a 4-level cascade would cross the zero line 3 times).
MATERIALS AND METHODS
Study sites. The Exuma Cays Land and Sea Park (ECLSP) was established in 1958 and closed to all fishing in 1986. Since then, no fishing or destructive activities have been allowed inside the park boundaries. The reserve encompasses an area of 442 km 2 , and the no-take policy to protect marine life is effectively enforced by regular boat patrols.
We surveyed fish communities on 5 reefs within the reserve and 5 reefs outside of the reserve. Within each treatment (protected or unprotected), 3 sites were sampled on the fore reef, comprising deep, complex coral structures on the outward-facing reef slope, and 2 sites were located in back-reef areas, comprising shallowwater habitats where small coral heads are interspersed with gorgonians, sponges, and sand. Sites inside and outside of the reserve were paired by depth, reef size, and structural similarity to control for the confounding effects of different habitats on fish community structure. Mean depths of sites ranged from 3 to 20 m, covering a wide range of reef habitats. Reef complexity and coral composition were also measured to document habitat similarity among sites. The 5 unprotected sites (3 fore-reef and 2 back-reef) were centered around Lee Stocking Island, which lies roughly 70 km to the south of the reserve. Reefs near Lee Stocking Island are similar to those within the ECLSP and have been used as comparable reference sites for the ECLSP in previous studies (e.g. Stoner & Ray-Culp 2000 , Lipcius et al. 2001 .
Survey methods. Fish communities were assessed using underwater visual census methods. Six horizontal transects were run at each of the 5 protected and 5 unprotected reefs. Six transects were sufficient to cover virtually the whole contiguous reef at most sites. Transects were 5 m wide × 25 m long and encompassed the entire water column from the seafloor to surface. Transects were haphazardly placed within the confines of the reef. During each census, a diver swam over the transect line identifying and counting all fish within 2.5 m on either side of the central line. Large, mobile species were identified on the first pass as the transect line was laid, then smaller, cryptic species on consecutive passes. For each observation, the diver identified the species and total length (TL) of the fish. Fish lengths were estimated in 1 cm intervals for fish 0 to 10 cm TL, and in 5 cm intervals for fish >10 cm TL. Two divers highly trained in census methods performed all transects inside and outside of the reserve. Therefore, any observer bias was equivalent across all transects, enabling meaningful comparisons between protected and unprotected sites.
Reserve effects on species biomass. All fish lengths were converted to biomass using length-weight conversion equations for each species (Bohnsack & Harper 1988) . We used biomass as a metric for reserve effect in keeping with previous studies (e.g. Newman et al. 2006 , Kramer & Heck 2007 , and in order to combine the effects of changes in abundances and size into a single value. The effect of the reserve on each species was calculated by comparing biomass measurements (g m -2 ) between paired protected and unprotected reef sites. Although conducting paired comparisons between similar reefs inside and outside of the reserve controlled for much of the variation in habitat, we also measured several habitat attributes to account for finescale differences in habitat features within reef pairings. Specifically, we measured rugosity and coral cover every 5 m along each transect. At each point, rugosity was measured within a 0.5 m radius as the maximum height difference between coral structure and basal substrate. We examined 'average relief' (mean values per transect of rugosity within coral structures) to compare overall structural complexity of habitats among sites. We also examined 'maximum relief' (mean values per transect of maximum relief of coral structures) to compare abundances of large structures (e.g. large coral heads, pinnacles, and so on) that may also influence species composition at a site (Luckhurst & Luckhurst 1978 , Öhman & Rajasuriya 1998 . Coral cover was measured by an index that compared the relative amounts of hard coral vs. soft substrate (sandy bottom, seagrass, or coral rubble). The index ranged from 1 (if all 5 point-intercept measurements in a transect were soft bottom) to 6 (if all 5 point-intercept measurements in a transect were hard coral). When averaged among point-contacts and transects, the distribution of this metric was approximately normal.
Within each site pairing, we calculated the difference in average relief, maximum relief and coral cover.
Because these measures were related, we conducted a principal components analysis to collapse these measurements into a single metric of differences in habitat complexity within reef pairings. The first principal component explained the overwhelming majority of the variation in habitat differences (93%), so we used the first principal component scores as a covariate in our calculation of the relative reserve effect for each species. For each species, relative reserve effect was calculated for each site pairing as the natural logarithm of the response ratio (LRR): (1) where X MR is mean biomass within the reserve, and X C is the mean biomass in the paired control site. A small constant was added to each value so that cases with observed mean biomass values of zero could be included in the analysis. Comparing response ratios allowed meaningful comparisons among species of widely different body sizes. Positive values of the LRR indicate greater biomass inside the marine reserve than outside. Negative values indicate the opposite. To calculate the mean and variance of the reserve effect for each species, we averaged the LRR across site pairings and used a linear model to include as a covariate our measure of habitat differences within pairs (i.e. the principal component scores of our habitat analysis). This procedure allowed us to account for fine-scale differences in habitat features and allowed us to robustly estimate each species' response to the marine reserve.
Reserve effect by species size. We examined community-wide evidence for trophic restructuring in 2 complementary ways. First, we determined whether the estimated response ratios varied systematically with species size. We assumed that species size served as a suitable proxy for trophic level due to the correlation of consumption of food types with gape and body size (Wainwright & Richard 1995 , Scharf et al. 2000 , and its consequent determination of trophic relationships and ecological role on the level of fish communities (Jennings et al. 2001 , but see Layman et al. 2005 . Body size was summarized as the mean TL of individuals within a species observed in the study.
The relationship between LRR and species size was examined with a generalized additive model (GAM) using R statistical computing software version 2.6.2 (R Development Core Team 2007). Mean value of the LRR was modeled as a smooth function of species size, and generalized cross validation was used to determine the df for the optimal spline smoothing function. This approach provided a flexible way to find the best-fit description of general patterns in the relationship between species size and relative reserve effect. The overall pattern of the relationship was interpreted in . . light of our hypothesized general patterns (Fig. 1) . In the analysis, the contribution of each species to the overall pattern was weighted by the strength of statistical evidence for the reserve effect (i.e. by the Z scores for the difference in biomass between reserve and non-reserve sites). This procedure placed less emphasis on rare and/or highly variable species and more emphasis on species that exhibited a consistent difference in biomass between protected and unprotected sites. Consequently, any consistent patterns in the average response of species would be amplified. However, we believe that such a procedure is useful for characterizing the average responses of species within diverse communities. Like many ecological communities, the assemblage of reef fishes we studied was composed of few common species (whose responses to reserve protection may be well characterized) and many, rare species (whose responses may be described with less certainty). Weighting our analysis by a measure of precision associated with each species' response may therefore provide the best estimates of the overall, mean response of species (Hedges et al. 1999) .
Reserve effect by trophic category. In a separate but similar analysis, we examined whether relative reserve effect varied among several trophic categories that combined trophic level (based on trophic score) with species size. Each species was assigned to 1 of 9 categories: (1) large piscivores (mainly consume other fishes, functionally act as 'large' predators); (2) large mixed carnivores (consume a combination of fishes and marine invertebrates, functionally act as 'large' predators); (3) large omnivores (consume a combination of algae, detritus, and marine animals, functionally act as 'large' consumers); (4) small piscivores (mainly consume other fish, functionally act as 'small' predators); (5) large herbivores (mainly consume algae, functionally act as 'large' herbivores); (6) small herbivores (mainly consume algae, functionally act as 'small' herbivores); (7) small mixed carnivores (consume a combination of fishes and marine invertebrates, functionally act as 'small' predators); (8) planktivores (mainly consume plankton from the water column); and (9) small omnivores (consume a combination of algae, detritus, and marine animals, functionally act as 'small' consumers) (see Appendix 1 for species' category assignments). Species assignments were based on field observations and trophic scores inferred from published gut content studies (Böhlke & Randall 1963 , Pitts 1991 , Böhlke & Chaplin 1993 , Hixon & Beets 1993 , Michael 1993 , Cervigón 1994 , Sierra et al. 1994 , Eggleston et al. 1998 , Cortes 1999 , Soares et al. 2003 .
Mean values of relative reserve effect were compared among these 9 trophic categories. Although species were assigned to trophic categories based on the related attributes of trophic score and body size (among trophic categories mean body size and mean trophic score were correlated, r = 0.53), these attributes may reflect slightly different aspects of an organism's ecological role and food web status. We therefore examined both size-and trophic-based patterns of community restructuring by comparing the response of trophic groups with respect to both the mean sizes and the mean trophic scores of fishes observed in each category. In this analysis, the contribution of each species to the mean values of relative reserve effect (response ratio) for each trophic category was again weighted by the strength of statistical evidence for the reserve effect. This comparison was designed to supplement the main analysis examining reserve effect as a function of body size.
Reserve effects on biomass distributions. In addition to analyzing the relative reserve effect for each trophic category, we also evaluated the proportional distribution of fish biomass among trophic categories inside and outside the marine reserve. The mean biomass per transect for each category was divided by the mean total biomass per transect. Proportional biomass within trophic categories was calculated for each site and averaged across sites to estimate mean values within the reserve and non-reserve treatments.
RESULTS

Reserve effect by species size
Analysis with the GAM indicated that the mean response ratio varied strongly with species' body size (p = 8.40 × 10 -4 ), and the generalized cross validation procedure indicated that the best-fit model for the mean effect was a spline with an estimated 6.79 df. This trendline exhibited a pattern consistent with a 3-level size-based trophic cascade ( Fig. 2; see Fig. 1 for null models). Fig. 2 indicates that the largest fish species (> 33 cm TL) were positively affected by the marine reserve. Many species of this size class were only observed within protected sites. In contrast, intermediatesized fishes (17 to 33 cm TL) were, on average, negatively affected by the marine reserve. Average reserve effect for smaller fishes (9 to 15 cm TL) was positive, though there was more variability in the response of these species. Finally, responses of the smallest fishes (< 9 cm TL) were highly variable, with response values centered near zero. This overall pattern was robust to the number and size of species included in the analysis. Removing species with mean sizes > 33 cm TL and repeating the analysis still suggested that, on average, midsize fishes (17 to 33 cm TL) were negatively affected by the reserve (p = 4.33 × 10 -4 ). Similarly, removing species >16 cm TL still indicated that, on average, fishes with mean sizes of 9 to 15 cm TL increased in the reserve (p = 0.0149). Individual species' responses and effects of habitat differences within site pairings on response ratios are further detailed in Appendix 1.
Reserve effect by trophic category
Large piscivores as a group were the most positively affected trophic category of fishes, followed by small mixed carnivores and planktivores (Fig. 3) . Small piscivores and large mixed carnivores exhibited negative mean LRR values, though only the response of small piscivores was statistically significant. Effects of the reserve on large and small omnivores and large and small herbivores were variable, but mean values tended to be positive. The overall pattern reflects the size-based differences in response ratios (Fig. 3a) , and is consistent with a 3-level trophic cascade (Fig. 3b) . When trophic categories were arranged in order of decreasing trophic score, a pattern of alternating responses to the reserve persists. Within the reserve sites large piscivores had greater biomass, small piscivores and large mixed carnivores had lower biomass, and categories of lower trophic level species such as small mixed carnivores and planktivores had greater biomass relative to unprotected sites. Notably, both small and large herbivores did not exhibit strong overall responses to the reserve, though mean values were positive.
Biomass distribution by trophic category
The most notable differences in overall biomass between reserve and unprotected sites were that the reserve had a much higher biomass and a greater representation of high-trophic-level species. When trophic categories were pooled, the mean ± SE biomass of fish inside the marine reserve was 487.5 ± 334.0 g , outside the marine reserve. Inside the marine reserve, large piscivores accounted for 35.8 ± 18.8% of the fish biomass, as opposed to 8.3 ± 2.1%) in unprotected sites (Fig. 4) . All other categories comprised a similar or higher proportion of the fish biomass in unprotected sites, although many categories did increase in actual mean biomass within the reserve.
DISCUSSION
Although there was substantial variation among species with respect to the relative effect of the marine reserve on biomass, significant, overall changes were seen throughout the reef fish community. Our results suggested a restructuring of the fish community in response to marine reserve protection. On average, the largest species increased in biomass within the reserve, intermediate-sized species decreased, smaller species increased, and the smallest species exhibited variable responses. By pooling species into trophic categories, patterns of species' responses were consistent with a 3-level trophic cascade, and the overall results mirrored examples of simple trophic cascades with only a few interacting species (e.g. Estes & Palmisano 1974) . One interpretation of these patterns of species' responses to the reserve is that large predators such as sharks, barracuda, and large grouper inside the marine reserve likely reduced the biomass of smaller predatory fishes such as snapper and smaller grouper. Although we did not study trophic interactions directly, such interactions have been empirically demonstrated in the Bahamas (Eggleston et al. 1998 , Stallings 2008 . The lowered biomass of midsize predators in turn appeared to reduce the amount of predation on their prey, resulting in an increase in relative biomass in some of the smaller planktivorous and carnivorous species. Indeed, in the Bahamas, midsize predators including small grouper (Cephalophalus spp.) and hinds (Epinephelus spp.) have repeatedly been shown to be a significant source of predation on fishes in our planktivore and small mixed carnivore categories (Carr et al. 2002 , Almany 2003 , 2004 , Stallings 2009b . The higher levels of variability in the reserve effect for smaller species may be due to a diffusion of the effects of the trophic cascade in the lower levels of the food web. This pattern would be expected because of the wider species/biomass base and more varied ecological interactions that exist at lower trophic levels (Cohen et al. 2003) . As greater numbers of species interact on multiple ecological levels, removal or reintroduction of even strongly interacting species can have muted effects due to the compensation afforded by multiple prey species (Strong 1992) . Despite these moderating effects, widespread changes in the structure of the reef fish community could be observed in our data.
Restructuring of fish communities has been revealed by the reintroduction of top predatory species in a variety of marine systems (Pace et al. 1999 , Pinnegar et al. 2000 . Here we observed evidence for community restructuring based on both body size and trophic score. To some extent this likely reflects the correlation between these 2 attributes (mean body size and mean trophic level were well correlated for our trophic categories: r = 0.53). However, these 2 variables are also worth examining separately, as some differences occur when comparing general reserve responses by mean trophic score and by mean size (see differences in Fig. 3 ). Although using trophic categories to pool species for analyses of reserve effect is a useful tool for observing and interpreting changes on the scale of whole food webs, this method also has drawbacks. Trophic categories and levels may vary from study to study, are somewhat arbitrary, and are often incomplete in describing ecological relationships among species. Trophic score is calculated based on samples of diet and/or isotope analyses and an assessment of the average number of steps up a linear food chain for items found in a species' diet (e.g. Muñoz & Ojeda 1997 , Friedlander & DeMartini 2002 . Although this approach is informative, for assemblages such as coralreef fishes, body size is a different and perhaps better predictor of important consumptive relationships. For example, in a typical trophic level assignment, large fishes with mixed diets may consume small, carnivorous fishes despite having a lower estimated trophic level. For these reasons, we began our analyses with a size-based approach using species mean TL as a predictor of reserve effect.
It is also likely that within this diverse assemblage of reef fishes, many types of interactions play an impor- Fig. 4 . Proportion of total biomass occupied by species in each trophic category in unprotected (black) and protected (grey) sites (mean ± 1SE), and arranged left to right by increasing size. See Fig. 3 for definition of trophic categories tant role in determining community structure. For example, in addition to direct consumption, large predatory species can also have non-lethal, negative effects on the biomass of smaller fishes. In the Bahamas, large groupers may out-compete smaller groupers for food and/or territory, causing a reduction in growth rates of small groupers (Stallings 2008) . Growth rates can also be reduced when prey species choose inferior habitats in a tradeoff with predator avoidance (Werner et al. 1983) . Such effects could contribute to the observed reduction in biomass of midsize and mid-trophic level species such as small piscivores and large mixed carnivores.
Within this study, the responses of midsize species may have been especially variable, since one might expect these species to experience a mix of positive and negative reserve effects. While midsize species were likely to be at greater risk of predation due to the increased abundance of large piscivores within the marine reserve, they may have also experienced some alleviation from fishing pressure. Although large piscivores have been most affected by fishing, many midsize species are fished in unprotected Bahamian coral reef habitats (CRFM 2005, authors' pers. obs.). For example, large parrotfishes in the ECLSP have greater abundances within the reserve due to protection from fish traps even though abundances and sizes of large piscivores are also greater (Mumby et al. 2006 ). This is due to the escape of large-bodied herbivores from predation due to the limitation of consumption by predator gape size. Mumby et al. (2006) also showed that large herbivore species responded to reserve protection with increased densities but no change in mean size relative to unprotected sites, whereas smaller species had lower mean sizes inside the reserve compared to outside, but showed no change in relative densities. Similar, size-based differences in response to protection within trophic categories were also observed in our study: larger classes of piscivores, omnivores, and herbivores showed more positive responses to the reserve compared to smaller classes of these same categories. These within-category differences may be due to the higher risk of predation upon smaller individuals within the reserve, and a higher risk of capture in fisheries for larger individuals outside of the reserve.
Within the assemblage of fishes observed in this study, herbivores are an exception to the general, direct relationship between body size and trophic level, because some herbivores (particularly parrotfishes) can be quite large as adults. Consequently, the pattern of size-based responses to reserve protection observed in Fig. 2 does not suggest a simple trophic cascade involving top carnivores, secondary carnivores, and herbivores. Rather, the alternating patterns of abundance were observed among other trophic categories, for example, large piscivores, small piscivores, and planktivores. Even though, on average, herbivores did not exhibit a strong response to reserve protection, our results nonetheless suggest that the community of fishes is structured, at least in part, by strong, topdown processes. Such effects may be detected even without strong responses from herbivores and primary producers because of direct (Carpenter et al. 1985) and indirect (Stallings 2008) interactions among largebodied and small-bodied carnivores/omnivores.
Based on our assignment of species to individual trophic levels, it is apparent that major shifts in the distribution of biomass throughout the food web had occurred between unprotected and protected areas. The large disparity in proportional biomass between reserve and non-reserve sites in the large piscivore category was a major finding of this analysis, given that most other categories also had higher mean biomasses inside the marine reserve. Even so, our results support conclusions from studies of the northwest Hawaiian Islands (Friedlander & DeMartini 2002) and the Line Islands (Stevenson et al. 2007 , Sandin et al. 2008 suggesting that relatively healthy, unfished reefs such as those found within the ECLSP may normally have as much as 50% of the fish biomass concentrated in top-level predatory species. The major reduction in average biomass for small piscivores and large mixed carnivores within the reserve, combined with associated increases in small mixed carnivores and planktivores suggests that reintroduction of these large piscivores can alter the distribution of species in other functional groups. Protection of overfished predators has been linked to the restoration of functional groups such as herbivores and detritivores in past studies (Kramer & Heck Jr. 2007) , which can lead to increased coral reef health. These effects can have strong implications for the management of fisheries and marine reserves (Bohnsack 1998 , Lirman 2001 , see Roberts 1995 . Similar to results reported by Newman et al. (2006) , our results indicated that the average biomass of all fishes combined was approximately 7× greater inside the marine reserve than outside, indicating much greater total standing fish stock in protected fish communities.
The salient pattern from our study is one of significant alteration of the distribution of biomass at the top, intermediate, and small sizes of species in the reef fish food web inside the marine reserve vs. outside. This type of community-wide restructuring of a complex marine food web has rarely been described (but see Guidetti & Sala 2007) . Fishing in virtually all areas of the world continues to deplete populations of largebodied predatory species, with there being only small islands of refuge in the form of marine reserves or areas inaccessible to fishing. Given the results of this and similar studies, it should not be assumed that fishing only affects targeted species. The indirect effects that propagate throughout the food web can cause substantial shifts in biomass distributions among species, size groups, and trophic levels. These indirect effects should be taken into account to improve the effectiveness of management and conservation efforts. 
